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Preface to the Series

The RIKEN BNL Research Center (RBRC) was established in April 1997
at Brookhaven National Laboratory. It is funded by the '‘Rikagaku
Kenkyusho'" (RIKEN, The Institute of Physical and Chemical Research) of
Japan. The Center is dedicated to the study of strong interactions, including
spin physics, lattice QCD, and RHIC physics through the nurturing of a new
generation of young physicists.

The RBRC has both a theory and experimental component. At present
the theoretical group has 4 Fellows and 3 Research Associates as well as 11
RHIC Physics/University Fellows (academic year 2003-2004). To date there are
approximately 30 graduates from the program of which 13have attained tenure
positions at major institutions worldwide. The experimental group is smaller
and has 2 Fellows and 3 RHIC Physics/University Fellows and 3 Research
Associates, and historically 6 individuals have attained permanent positions.

Beginning in 2001 a new RIKEN Spin Program (RSP) category was
implemented at RBRC. These appointments are joint positions of RBRC and
RIKEN and include the following positions in theory and experiment. RSP
Researchers, RSP Research Associates, and Young Researchers, who are
mentored by senior RBRC Scientists. A number of RIKEN Jr. Research
Associates and Visiting Scientists also contribute to the physics program at the
Center.

RBRC has an active workshop program on strong interaction physics
with each workshop focused on a specific physics problem. Each workshop
speaker is encouraged to select a few of the most important transparencies from
his or her presentation, accompanied by a page of explanation. This material is
collected at the end of the workshop by the organizer to form proceedings,
which can therefore be available within a short time. To date there are sixty-
eight proceeding volumes available.

The construction of a 0.6 teraflops parallel processor, dedicated to lattice
QCD, begun at the Center on February 19,1998, was completed on August 28,
1998 and is still operational. A 10 teraflops QCDOC computer in under
construction and expected to be completed this year.

N. P. Samios, Director
November 2004

*Work performed under the auspices of U.S.D.O.E. Contract No. DE-AC02-98CH10886.
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Introduction and overview

The high energy limit of Quantum Chromodynamics is one of the most fascinating areas
in the theory of strong interactions. Over a decade ago the HERA experiment at DESY in
Hamburg provided strong evidence for the rise of the proton structure function at small
values of the Bjorken variable X. This behavior can be explained as an increase of the
gluon density of the proton with energy or correspondingly with smaller values of X. This
increase can be attributed on the other hand to the large probability of gluon splitting in
QCD. The natural fiamework for describing the gluon dynamics at small x is the
Balitskii-Fadin-Kuraev-Lipatov formalism developed some 30 years ago. It predicts that
the gluon density grows very fast with increasing energy, as a power with a large
intercept. This increase has to be tamed in order to satisfy the unitarity bound. Over two
decades ago, Gribov, Levin and Ryskin proposed the mechanism called the parton
saturation, which slows down the fast rise of the gluon density. This formalism accounts
for an additional gluon recombination apart from the pure gluon splitting. It leads to the
very interesting non-linear modification of the evolution equations for the gluon
distributions. Since then, much progress has been made in the theoretical formulation of
the parton saturation. Currently the most complete theory for parton saturation is the
Color Glass Condensate (CGC) with the corresponding renormalization group functional
evolution equation, the JIMWLK equation, which describes the nonlinear evolution of
the gluon density at small values of x and in the regime where gluon fields are strong.
The simpler form of the JIMWLK equation, the Balitskii-Kovchegov (BK) equation has
been successfullyused to explain the experimental data on proton structure function. The
models, which include the parton saturation, have been applied to explain the
experimental data at Tevatron and RHIC. In the latter case the Color Glass Condensate
can be thought of as an initial stage for the subsequent formation of the Quark Gluon
Plasma. Despite its success in describing various observables, the parton saturation
phenomenon still needs deeper understanding and improvements; in particular, the
existence or limitations on geometrical scaling, the edge effects in the high energy
collisions, or impact parameter dependence. In particular it has been recently realized that
the current evolution equations of CGC, the JIMWLK equations miss some of the
important contributions coming from the resummation of the so-called Pomeron loops.
These terms are known to provide sizeable corrections to the asymptotic high energy
behavior. Also, the CGC formalism was constructed within the leading logarithmic
approximation, and it is known that the corrections which go beyond this order are large.

This aim of this workshop was to bring together experts in the field to study and discuss
the Color Glass Condensate theory and related topics. Larry McLerran gave an
introduction to the theory of Color Glass Condensate and reviewed the current status of
the parton saturation. He discussed also the relation between the CGC and the Quark
Gluon Plasma, in particular the problems related with rapid thermalization and the flow
in ultrarelativistic heavy ion collisions. The Pomeron effective theory and the
fluctuation—saturation duality was discussed by Kazunori Itakura. He presented the new
evolution equations of Color Glass Condensate theory that take into account the Pomeron
loops. The improved Hamiltonian of the new evolution equation, which aims to describe
the weak and strong fields regime, is likely to possess the intriguing self-duality property.



Boris Kopeliovichdiscussed the phenomenological aspects, namely the application of the
saturation models to ultrarelativistic heavy ion collisions. He carefully studied the
kinematical conditionsin which the Color Glass Condensate descriptionis expected to be
valid and pointed out other dynamical effects that can occur in the same regime. An
interesting relation between the QCD at high energies and the statistical physics was
presented by Alfred Mueller. The large gluon occupation numbers suggest that one can
use tools of statistical physics to describe the evolution at high energies in QCD. In
particular the role of fluctuations at the beginning of the evolution, namely in the dilute
regime, is expected to be very large. Therefore, the reformulation of the JIMWLK
equation in order to properly account for these effects is needed. Heribert Weigert gave a
nice overview of the current status of the solutionsto the BK and JIMWLK equations. He
showed that the running coupling corrections play an important role and need to be
included in the evolution. He also discussed an intriguing observation of the formal
similarity of the evolution equation for the non-global jet observables and the BK
equation at small X. The investigation of the Odderon evolution equation within the
framework of the Color Glass Condensate was presented by Yoshitaka Hatta. He
presented the derivation of the evolution equations for the amplitudes describing the
odderon exchanges between the Color Glass Condensate and the two types of the
projectiles: a color dipole and a system consisting of three quarks. He showed that in the
linear regime the equations reduce to the Bartels-Kwiecinski-Praszalowicz evolution
equation. Stephen Wong discussed recent developments that lead to the generalized
JIMWLK evolution equation including the Pomeron loops. It has been recently realized
that the IMWLK equation has certain deficiencies, namely, that it only includes the non-
linear effects due to the Pomeron mergings but misses important contributions coming
from the Pomeron splittings. An extended version of the JIMWLK equation has been
formulated which cures this problem and it includes the Pomeron loops. The current
status of the reggeon field theory has been presented by Jochen Bartels. He discussed in
detail the existing ingredients of this theory, which are the reggeized gluon and the vertex
functions. He discussed the relation and differences with respect to the Color Glass
Condensate theory. Alex Kovner discussed the extension of the generalization to
JIMWLK presented by Wong by including yet higher order functional derivatives in the
JIMWLK equation. This leads to the emergence of the self-dual theory, in which the
projectile and the target are treated symmetrically. Francois Gelis presented the
calculation of the quark-antiquark production cross section in the CGC formalism in the
proton-nucleus collisions. He showed that generally the high energy factorization is
violated by the presence of the saturation scale in the problem. Carlos Salgado presented
numerical solutions to the Balitsky-Kovchegov equation and discussed their applications
to the description of the deep inelastic scattering collisions of lepton-proton and lepton-
nucleus. He showed that the saturation model with geometrical scaling leads to the very
good description of various observables in deep inelastic and nucleus-nucleus collisions.
lan Balitsky developed an approach in which the high energy scattering in QCD can be
viewed as a scattering of two shock waves. He presented the Wilson-line functional
integral for effective action that contains all the information about the high energy
scattering in the leading logarithmic .approximation. Jianwei Qiu discussed the transition
from the parton model to parton saturation. He showed that in the case of the standard
DGLAP evolution, the resummation of the dynamical power corrections leads to the shift



of the parton momentum fraction by a single parameter. Elena Ferreiro described a
phenomenological model of color strings for the soft dynamics in QCD. In this model the
color strings are small areas in transverse space filled with color field created by the
colliding partons. Michael Lublinsky presented a probabilistic approach to the description
of the high energy QCD evolution. He showed a functional evolution equation that,
accommodates the nonlinear dynamics. The problem of the thermalization in heavy ion
collisions was discussed by Yuri Kovchegov. He demonstrated that at any order of the
perturbative expansion the gluon field generated in the ultrarelativistic heavy ion
collision leads to the energy density, which scales as an inverse proper time. This has to
be contrasted with the hydrodynamics-driven expansion of the quark-gluon plasma which
leads to the energy density, which scales as a higher power of the inverse proper time.
Ismail Zahed discussed the RHIC fireball production in a theoretical framework of the
AdS/CFT correspondence. Adrian Dumitru talked about the observational constraints on
the saturation scale from cosmicray airshower data. The simulations at highest energies
of cosmic rays indicate that there is a substantial sensitivity to the QCD evolution
scenario. There are indications that the saturation scale grows at a slower rate than
predicted by HERA or RHIC data.



Peeking through the Colored looking Glass

Larry MclLerran
Physics Department
Brookhaven National Laboratory
Upton, NY 11973



Peeking through the Colored Looking Glass

A perspective on Future Directions

>

Color Glass Condensate as a Media

Whatever-ons:
Little wiggles of the CGC
Pomerons, Odderons, Reggeons

Ploops: (Pomeron loops)
How a little fluctuation becomes a big
problem

The CGC and the QGP:
Is the sQGP really the CGC?
Is rapid “thermalization” due to the CGC?
Comments about the LHC: Does flow arise largely from the CGC?

The CGC Machine




Reggeons, Pomerons and Odderons

Reggeons:

Mathematical objects which which allow the
computation of scattering of hadrons. Found in
complex angular momentum analysis of
scattering matrix

Pomeron:

That Reggeon which controls the total cross section
at high energy.
Universal dependence of energy at high energy.
Imaginary part of T matrix

Odderon:

Pomerons peculiar brother
Real part of T matrix at high energy




The Pomeron: A Modern Perspective

The total hadronic cross section: _ _
Describes total cross section

Original version
T tot = constant

o {mb)
100 |

Telasize

" , After growing cross sections:

: . : \

1 10 3 6 9 :
10 10 10 be)
Center of Mass Energy in GeV | A lbarem E

Pomeron: Vacuum guantum numbers
Two gluon exchange

Bare Pomeron related to growth of
gluon densities

Saturation <=> High density of
pomerons
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The Growth of Gluon Density Explains Slow
Growth of Total Cross Section

The total hadronic cross section:
Transverse distribution of gluons:

dN
dyd2 rr

= Qiat (y)eﬁgmﬂw

L 1 L}
1 10 103 116 «m
Center of Mass Energy in GeV

Transverse profile set by initial conditions

Size is determined when probe sees a fixed number of
particles at some transverse distance

— 29 T

eYe ~ constant

o ~ ’r*% ~ Y2~ an(E/AQCD)




The Pomeron and the CGC

T o Separation between fast and
[dA] [dﬁ]ez‘g [Asp]—Flp] slow degrees of freedom =>
AT

Renormalization group

Z = e-Flp] Weight for source fluctuations
d -
—Z = —H(p,d/dp)Z JIMWLK Equation:
o dn H is Hamiltonian with
n =In(1l/z) No potential, assumes strong fields

For weak fields:

A= [l ol - o ) - )

Pomeron: Weak field excitation ~~ P(ﬂ?) +p(y)




Pomeron: Saturation effects

O(z,y) =< tr{U(=)U'(y) >

-ézi;:m)zz(xmy)2 'SCZ.Z—QZ'—QL’,ZZ
g 1) =50 = S 004003 - O~ Ol

The real part of O is the Pomeron amplitude
Balitsky-Kovchegov equation

BK equation has s#>pongnt.al growth \nvy for transwe o

momentum scales greater than the saturation momenta:

Power law growth for momenta less than the saturation
moments.

The saturation rmarmantym ne ver satyrates

Qsat(y) ~ e







Fluctuation-saturation duality and
Pomeron effective theory

K. Itakura

Service de Physique Théorique, CEA/Saclay, F-91191 Gif-sur-Yvette, France

Abstract

We propose an effective theory which governs Pomeron dynamics in QCD at
high energy, in the leading logarithmic approximation, and in the limit where IV,
the number of colors, is large. In spite of its remarkably simple structure, this
effective theory generates precisely the evolution equations for scattering amplitudes
that have been recently deduced from a more complete microscopic analysis. It
accounts for the BFKL evolution of the Pomerons together with their interactions:
dissociation (one Pomeron splitting into two) and recombination (two Pomerons
merging into one). It is constructed by exploiting a duality principle relating the
evolutions in the target and the projectile, more precisely, splitting and merging
processes, or fluctuations in the dilute regime and saturation effects in the dense
regime. The simplest Pomeron loop calculated with the effective theory is free of
both ultraviolet or infrared singularities.

This talk is based onthe paper hep-ph /0502221 by J.P.Blaizot, E,Iancu, K.Itakura,
and D.Triantafyllopoulos.



. Introduction.(2/3)

More precisely,

- deep understanding about the difference between BK and Balitsky eq.
- analogy of gluon dynamics (multiplication vs recombination) with
statistical physics (reaction-diffusiondynaimcs) described by FKPP eq.

- BK-JIMWLK hierarchy fails to correctly describe fluctuation phenomena.

[lancu-Triantafyllopoulos]
- This becomes manifest when we consider dipole-pair scattering

(Described by CDP)

Tree dipole pair g g é g % g Not included in JIMWLK

diagram

01

Described by JIMWLK

03/07/2005 K. Itakura CGC workshop at BNL
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Dipole-dipole scattering in the dilute regime
Scattering amplitude "n thp eikonal approximation

9 . 1 ! F ;o ."-
Tz gyl —1- ?it'f(]’*aﬂ’ﬁ))y Vila] = Pexp (ig /d;ﬂ”ff“‘(.l:",_mr}t“)

Ve 0 = jx f’(nﬂ{m) — ;;t-“(y))g:)}, weak-field limit (single scatt)

can be equivalently rewritten as (to the order of interest, 2" order) |

Tﬂ[.ﬂ y /D[QH‘ 14 . [{]H'} < e; nr“zll‘?“»’zlﬁﬂ (EJ> ‘

average over target average over projectile
with g5 (z) = Q1 [0(2 —2) - 6%z —y)] (@bl ~ 0,  (Q1Qh) — 0L

it ¥

Scattering matrix (projectile and target have rapidities y and Y-y )

Sy — [ Dlag] Wy_fen] [ Dlaz) Wylaz] ') Poeromie

lancu-Mueller factorization formula NPA730(2004)

B o e S L T G, e e i
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 Duality (3/4)-

Lorentz invariance of the S-matrix = S, must be ndegendent of y

55, , , L [Kovner-Lublinsky]
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Backward & \olwon Normal evolwron
In the target In the projectile

i) . & i
~—H [n Ry irmﬁ] Wy _ylevg] - H [er, TR ]1’1’@[&,{,]
‘5 }9 SRR H[ ‘ﬁ ,,ﬂL} ot [Pz ozt (z)
i g

N

WK
HR,
i0pr

Splf-dpalty condir'on

A
If [{f‘t‘};._. ;

oy

0
.r(ftp

idory, Wlaw] — 1 T[ *F"L] Wyl

e s i S st it i 2 T e e s st 1

03/07/2005 K. Itakura CGC workshop at BNL




¢l

_-Pomeron effec:

One can use duality to construct an effective theory of interacting Pomerons
(perturbative, bare) in the dilute regime:
2

“Pomeron” = To(zx,y) = 4%—[&“(33) —Gfa('y)]2

“c Pomerons” = T(g(”)(wl,yla oy Ty Yp) = To(ml? ’yl)-uTO(mm yﬁ)

The total Hamiltonian is self-dual:
H(”)r = “BFKL” from weak-field exp. of JIMWLK,

“free” part without number changing int, § BFKL
self-dual by itself e S

)
Hi_5 = “Splitting”: important in the dilute regime .
[Mueller,Shoshi,Wong] plitting

1 : L g
HQ—->1 = “Merging”: dual of splitting '
L O g S R o mers . S S R Merg i ng sty
03/07/2005 K. Itakura CGC workshop at BNL
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Appllcavtlo'

Minimal Pomeron loop from 2 step evolutions
of one Pomeron  PL = H] H T,
For dipole-dipole scattering (x,y) and (X,,Y,)

T
A . e R

Splitting

Merging

¥
PLY — -2 (2 ) ﬂ / M, y, zM{«t:uqyuﬁ Wolx, 2|y, w)dy(z, ylw, yg).

e

03/07/2005 K. Itakura CGC workshop at BNL

‘Minus sign Two gluon exchange amplitude - 22
~>contribute to | | | of dipole-dipole scattering is a2A, y > > o
saturation ~ : - 0

Two evolutions |
two dipole kernels |
. . - X << S
z and w integrations are IR and UV finite z S
. <<
3
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Cond:fione fo be wafched
smmhmé for a signal of C6C

o X, must e sufliciently small

4o provide & b :'Azc/.‘na?? overfap
'os - geuans orgmo:/ec/_ Jrqm c/.‘,(,feren'_/-
nucleons in a row, | o

 There are e[fecvls of (ﬁqe x, which
might be misinferprefed Yas CGC

o This s not an easy- o -}u@{ee condlit:on,
The gluonic .feuc{um/aons are heavy
owd s'\o\-"&v:vg,

o Qnother difficutd -{o-fu(fc? cond: £:om
S an overfap n cmpa.c-( Pa.rame/er:,
Gluons are .eoca'(ea/ withon small
spods with area an order of magn:(uc(e
smaller {thon the Pro(an.
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Preface

ading twist inclusive settings

@ Example Color Glass Condensate (CGC) @ small X

towards smaII T at flxed Q2

CGC oo

zC
s/,

v

- parton gas

& Example Jets in a I\/Iedlum (LHC) non- globaljet observables

Heribert Weigert & Jets in Med;um




Preface

% QCD: chargeé glufo.ns_
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e gluons charged o rad:atlon nonhnear m QCD

“ es Evolut ion equatnons. T O
JII\/IWLK (CGC) et analogues thereof ' ’




The Color Glass condensate JIMWLK evolutloﬂ

Heribert Weigert Nucl. Phys. A703, 2002, '823
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The Color Glass condensate

MWLK evolution
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The Color Glass condensate
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fIX geometry

LZ

@ measure eeﬁ: rad mto Cout only
3 a requnre ZESOft < Eout

o evolutlon equatton |n IH(E/E"“’C)

Heribert Weigert | CGC & Jetsin Medlum
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Jets in a medium
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Outlook

o uses of soft gluon radiationv’
o CGCinvA v

@ saturation scale v/
e geometric scaling v’

o CGC in heavy ion collisions (RHIC & LHC):

6¢

@ scales in initial conditions
@ saturation scale & Cronin effect
e saturation scale & particle multiplicities

o jets in medium @ LHC v/ E

in progress

Heribert Weigert = CGC & Jets in Medium
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Perturbativ= Odderon in thy
Color Glass Condynsatp

Yoshitaka Hatta (RZRC)

in collaboration with
E. lancu, K. ltakura . L. McLerran

We study the perturbative odderon exchange in high energy hadron collisions
within the effective theory of Color Glass Condensate. We derive small-x
evolution equations for gauge invariant scattering amplitudes describing
odderon exchanges between the CGC and two types of projectiles; a color
dipole and a system of three quarks. In the linear regime our equations
are shown to reduce to the Bartels-Kwiecinski-Praszalowicz equation.

f

i
umy
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Theoretical status of perturbative odderon

e Bartels-Kwiecinski-Praszalowicz (BKP) equation (1980)

e Mapping onto exactly solvable 1D Heisenberg spin
Lipatov (1993), Faddeev & Korchemsky (1994)
e Two exact solutions

Janik & Wosiek (1999) Oy <1
Bartels, Lipatov & Vacca (2000) &, =1

e Formulation in Mueller’'s dipole model
Kovchegov, Szymanowski & Wallon (2004)
e Formulationinthe CGC
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Simglifying the JIMWLK equation

Evolur'on equation for a scattering a=iplitude

@'T{ T <5f’f§“(iﬂl)n 1,y |5t:£§’-'(y¢) >T

, 1 ¢ &2 (2, —2,)-{uy, —2,)
JIMWLK kemel  7(zpu) =~ [ 22 (2= 20) (o = 20)

w) @ (s =22y —yu)

——
x (1= V(e )V ()™ (1 - PHenPen)”

For a gauge invariant amplitude 7, the JIMWLK equation
can equivalently be written in a manifestly IR finite form.

5 1 (2L —yo)? < N § 2\
2Ty, = f FL (14 VI, - VIV, - VIT,) " - - T
@T< ! iﬁﬁamyg (21 —21)%(zL —y1)? ( ! | y) daf(z.)da(yL) /,

“Dipole”- JIMWLK
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Construction of the oOQeron exchange amplituCe in CGC

Dipole-CGC scattering

5°%(z, .y, ) = {out, odd |in, even)

~ sx {6VIV,) — (V)

S, lal=1-N [al. i0,a]
Laderon amplitude

Weak field approLu'ooatiom

Oz, g;ﬂ dﬂbg{s(a“agmﬁ C}.a}ﬂl‘:m&y)-{—(ﬂa ala’ ag“csﬁaﬂ)}

- o 2 A Yy Yy

(dipole) JIMWLK ‘ \ “CGC Green’s function”

(01,10} = f P _'mg {1’” (10(z 1, 210)- + (O, 210} = (O, 3.0 ),

Yy —z1)?




¢t

Evolution equation for the 3-quark
odderon amplitude in the linear regime

000000
B A8

d = 1a'R (1 — 1y )2
il fdgw (zL —y1)

‘Bl = ; ,
gr et T s (z1 — w1 )y —wi)?
* ({Brwzfa- + 'Q,Bwyfw‘a' — {,Eyﬁ}f .
—'::waf:}f — {B:mrw}?' - {Byyw*)? _ {Bﬂzyw>1—)
+ (2 cyclic permutations).

Closed equation for the gauge invariant amplitude < B(x,,y,,z,)>,
IR and UV safe
Relation to the BKP equation ?
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Equivalence to the BKP equation
Impact factor Pp (K1, kg, Fea)

JIMWLK equation BKP equation

dentity d*¢ < aja’y’ag >=f(x,Y,,2,)

They satisfy the same equation provided one uses
the dipole JIMWLK equationfor ¢ < o’ orf




S.M.H. Wong
with A.H. Mueller and A. Shoshi

Columbia University, New York

Abstract

The Balitsky-JIMWLK equations are shown to be incomplete as
equations that describe the small-x evolution towards the unitarity
limit in high energy collisions. Two equivalent approaches to correct
this problem are discussed. The JIMWLK equation is extended by
a new fourth order functional derivative term and at any given level
of the Balitsky hierarchy of equations, each level is now coupled
both to the level above and the one below whereas in the original
hierarchy, this coupling has always been towards the upward
direction only.

Including some parallel work by:

E. lancu & D. Triantafyllspoulos




o Rare configuration can be more important than
mean /typical configuration from BK!

o BK allows unitarity violation in intermediate
evolutions = something’s missing!

o The JIMWLK equation was thought to describe
small-z evolution completely but then numerical
simulations showed that there was little difference
between BK and JIMWLKI!

[Rummukainen & Weigert, NPA 739 p183]

o With gauge invariant operator O

0(0)y _ 1

3% 1673

</ M(z,y,z)(1 - V] Vo) o1 - V1,7
T,y

8 8
X o OB () O[a]>v -

d /6 acts on a Wilson line = a gluon exchange with
the Wilson line!

¢ JIMWLK and BK have pomeron merging but no
splitting! There are no pomeron loops in either!
Each 62/6a*0a® = one porneron exchange!
Need more 6 /da!

o Balitsky hierarchy coupled (T(™)’s in only one way
— upward!
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Finally the extended JIMWLK equation is

5§ . 5
/ n** (z, y)

oy 0a (x) 504%’, (y)

S M9, 2) G [, 2)G (w1 [, 2)G (2, )G (w22, )

'u,l,'vl
'U,2,’02

5 5 5 2 2 c c
X Saa (wy) 0 (v1) dab(mg) dab(vg) Ve Yy @ (B)a’(y) [ Wyla]

. _ 0 % (2 }_ ab - g
- ( da (x) (@) + 2/M (@) 62a$ (z)ad (y)

4

.
"~ 1287 N, /{Lnif%le(w,y,z)g(u1|w,z)g(vllw,z)g('u,2|z,y)g(fvz|z,y)

’u,z,’vz

y ) 6 6 6
dac(uy) da(vy) dab(uz) dab(vsa)

Vi Vi af(x) ac(y)) Wy [a] .

where

a _1 Y ab:B
o (:c)— 2/'yé.ab(y)77 ( ay)°

This extension Is necessary:
frl(m,y) ~ 92042 + ...
In the

o Weak field limit (dilute medium): a ~ g
but not in the

« Strong field limit (dense medium): a ~ 1/g




0 The JIMWLK equation is a diffusion equation.

o Brownian motion = Langevin description.

[Blaizot, lancu & Weigert, NPA 713, p441]
o Langevin description = Computer simulation.

0 The extended JIMWLK has fourth order derivative
terms and is no longer a diffusion equation.

o Langevin description ??? Computer simulation ???

Try to recover from these!
The basic form of the extended equation is captured in
0 | 3, o2 o
— = e P :
- P(a,1) = (= 5-a(@) + 55b(@)~5 (@) ) P(z,1
P(x,t) is a probability density distribution of some
particles whose motions are Markov processes.
Already know that the first two terms can be derived
from a drift, a(x), and a Gaussian noise term, v(t), in

x =a(z) T (21b(2)2v(t) T (4! c(z))1/5¢(;)

where [ (t)is a non-Gaussian noise called a fourth order
noise in the literature is required for a stochastic
Interpretation of the new equation.




5 o
5L (@ t) = ——70c(z) P(z,1)

X = (4l e(x)) 4 ((2) .
Because of the Markov nature of our model:

e Independent of all past history!
e \What is going to happen next depends only on now!

e Bayes' Theorem of conditional probability:
P(z,t)= [dz'P(x,t|2',t")P(a',1").

For a small time increment At = (t—t')— 0,
Az(t) =x —z' = ¥4 (') C(t)At
P(atla',t) = [ APy () 8o — o/ — /ATele) C(6) A
Ito’s lemma (stochastic calculus) says:
Pz, tle’,t') ~ {6(x —2') =0 (x—2")c(z') } At t..

and

P(z',t")=P(z',t) - %P(m’,’[)"‘




To generate the 4th order diffusion term from a stochastic

description, it Is necessary to introduce what we called a
Non-Diagonal Noise, &£(x,Y)

dPND (6) — fND (g)dé.
0() = / O©) fp, (€)6

(& (z, y»ND =0

(@1, y1)é(2, y2)) = 6P (1 —y2)6 P (y1 — m2) .

The pairing of the coordinates is "'wrong"'!

Can't simply take the quartic root of the coefficient
function of the 6/6a* terms!

The stochastic equation for a® Is

a

a _  a [ ab,i b,i
—a%(w) = o (“'“‘/,f (u, 2)0" (2)

+ / p(u, w, w, 2)7° (=, w)((2)1/E (@, w)

b, m,,2) ¢ ———{ (@ — w)*[V2 V2, 0" (@)a" (w)]}/*

V(z —2)?




- Thus for two dipoles, |
0 =T®(z1,y1;®2,92) = T(e1,y1)T (22, 92)
2 (T 1,413 02,30)
5y 1,Y1;%2,Y2))Y

Qg |
- <M(w1,y1,Z) & (T(2)(w1,y1;w2,y2)>y

2n J,

—-M(wl,yl,z><T<3>(w1,z;z,yl;mz,y2)>y>

+(1 +— 2) |
+TM1 — THERE IS A NEW TERM

In general for n dipoles,

O = T(n)(wl,yl; . .;azn,yn) = T(wlyyl) < T(w’n)yn)

The MODIFIED Balitsky hierarchy

-0

oY <T(n) (mla Yi; e s Ly yn)>Y

(M(wi,yi,Z) ® (T (@1, Y13 .5 8i, Yi; -+ i B, Un))y

—M(wi,yi,z)(T("“)(wl,y1; ce 3G, 252, Yd5 -;wn,yn)>y>

+7™" Yy — THERE IS A NEW TERM




In a dilute gluon medium, there are §*/5a* terms
that are important for small-x evolution of Wy [a]!

Same term is responsible for the modified Balitsky
hierarchy of equations. (T(™) is now linked to both
(T and (T(»~D) in one equation.

New terms reproduce the correct (pomeron)3-vertex!

Problems:

< Yet to show that S(x,y) approaches unitarity at
the correct rate! x

< Yet to show unitarity can be restored iIn
the intermediate evolutions! x

o With §*/6a*, a pomeron from the CGC can now
split into two! Pomeron loops by iteration! /

New problems:

< 4th order diffusion spoiled the Langevin:
description! x

<~ But able to preserve the stochastic description,
introduced 4th order noise! +/

< Non-diagonal noise, computer simulation ??

Extended equation is a sum of very different parts:
CGC +color dipole <= Can we do better?




J.Bartels, Hamburg University:
Reggeon Field Theory in QCD

Abstract:

In the first part | review the concept of reggeon field theory in QCD. Reggeon
field theory provides a solution,to t-channel reggeon unitarity equations. In
QCD, the reggeized gluon plays the role of the fundamental field, and there
exist momentum dependent vertex functions which describe the interactions
between reggeized gluons. Known examples include the BFKL kernel, the
2 — 4 and the 2 — 6 gluon transition vertex functions. At present the BFKL
kernel is known in NLO accuracy, the other vertex functions have been com-
puted in leading order only. With these vertex functions it is possible to
compute composite states of two or three reggeized gluons, Pomerons or
Odderons, resp. Another example of interest is the Pomeron loop correction
to the Pomeron self energy. Contact to the Color Glass Condensate is made
by transforming reggeon field theory from momentum space to configuration
space: as a first example, it can be shown that the Fourier transform of the
2 — 4 gluon transition vertex - with certain approximations - coincides with
the kernel of the Balitsky-Kovchegov equation. Reggeon field theory also
allows to compute higher order corrections, both in 1/N, and in «.

In the second part of the talk | address a few special topics which can
be derived from QCD reggeon field theory: this includes the description of
diffraction in deep inelastic scattering, and the validity of the AGK cutting
rules in pQCD.
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Reggeon Field Theory in QCD

J.Bartels
I1.Inst.f. Theor.Physik, Univ.Hamburg

CGC Workshop, BNL, March 2005

Content:

Introduction: motivation

Foundation:
reggeon unitarity equations in momentum space

Results: reggeon vertices
Reggeization, bootstrap
Diffractive vertex

AGK cutting rules
Conclusions
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Introduction® motivation

Aim: how to formulate and derive a field theory of interacting
Pomerons in QCD?

Now very polular:JIMWLK

in configuration space
e s-channel picture (color glass condensate)

o 'semiclassical framework' for Pomeron interactions (BK
equation); recently: Pomeron loops

o (large N, limit)
Complementary: reggeon field theory in QCD

e derived in momentum space
o t-channel approach

o reggeon unitarity equations, reggeon field theory as solution
to these unitarity equations

o allows to compute corrections in a; (and in 1/NC2).
This talk: second approach, con plementary to most of the
talks at this meeting.

Connection with cross sections, co linear hard scattering.

Current status.
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Outlook

What has been accomplished:

e formulation of reggeon field theory in QCD

e some NLO elements have been computed,
momentum space and in configuration space

e framework for NLO caculations
e understand AGK rules in pQCD

48
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What needs to be done:

e How to find solutions?

e Before that: lots to compute in momentum space, e.g.
inclusive cross section formulae in heavy ion collisions

e understand connection between reggeon field theory and
conformal field theory
(Virasoro algebra, halomorphic separability, conformal
bootstrap, AdS/CFT correspondence,...)
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Quark production in pA collisions:
rescatterings and kt-factorization breaking

Francgois Gelis

We model proton-nucleuscollisionsin the Color Glass Condensate framework
by assuming that the proton can be described by a weak color source that we
treat at leading order, while the nucleus is described by a strong color source
that needs to treated to all orders. At this level of approximation, the classical
Yang-Mills equations can be solved in closed form.

One can then calculate the propagator of a quark in this background field
in order to obtain the amplitude for quark-antiquark pair production in proton-
nucleus collisions. By squaring this amplitude, one finds that the quark pro-
duction cross-section involves correlators of 2 and 3 Wilson lines. The fact that
the cross-section contains this 3-point correlators implies that one cannot write
it in % -factorized form: one recovers k| -factorization only in certain limits for
which the final state contains some scale which is much larger than the satura-
tion momentum in the nucleus. Numerically, we find the following patterns for
the breaking of kl-factorization:

e The magnitude of the breaking of % -factorization decreases as the quark
mass increases. Indeed, since the terms that break k. -factorization cor-
respond to extra rescatterings, it is natural that massive quarks are less
sensitive to these effects than light quarks.

e The magnitude of the breaking of k; -factorization is maximal for a trans-
verse momentum ¢ 5 @5 of the quark, where @, is the saturation scale
in the nucleus. One recovers k -factorization when the quark transverse
momentum becomes much larger than all the other scales.

o If Q, remains smaller or comparableto the quark mass and transverse mo-
mentum, the corrections due to the breaking of & -factorization enhance
the cross-section. This is interpreted as a threshold effect: having more
rescatterings tend to push a few more Q@ pairs just above the kinematical
production threshold.

o If Q; is large compared to the mass of the quark, then the corrections
due to the breaking of k, -factorization tend to reduce the cross-section at
small transverse momentum. Since the typical momentum transfer in a
scattering is of the order of s, it is indeed more difficult to produce light
quarks with a small momentum if they scatter more.
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Quark productlon in pA colllsuns
rescatterlngs and kt-factorlzatlon hreakmg

8¢

Franc;ms Gells

CEA/ DSI\/I / SPhT

Francois Gelis — 2005 "Classical and quantum aSpec'tsiof the cGer, -’Broqkha\iéhi',Nv'a‘it»i»_'oné’l'Labét_atqry, March 744, 2005 —p. 1
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m Total amplitude:

R ® Pzir productton amphtude

@ Single quark cross-section
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@ Breaking of Kt factorization k e — . r - - e " —
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O Pair productionamplitude

® Single quark cross-section

O Breaking of Kt factorization

O Breaking of Kt factorization
O Breaking of Kt factorization

09

Single quark cross-section

B Single quark production cross-section:

dog — ogN [dp" / 1
d?q,dy, 8mid, pT ki

kg ,koy

;2
~_Lk2J_

< {tr [ ) T (B ) ) g (R )| S2 657 (o

+ [ er[rm) TR G-m)L + ] 6189 (o)

—

k

x| (g m) L GI—m) 7] 62 (o) b (B

¢ ¢%? isthe analogue of ¢%7 for the fundamental representation

¢ [, -factorization still broken for the nucleus

¢ contains only 2-point and 3-point correlators




Breaking of Kt factorization

m Single b-quark cross-section (large N ):

@ Pair production amplitude
0 Single quark cross-section

exact/ k, -factorized, m =4.5 GeV

O Breaking of Kt factorization 1 3
O Breaking df Kt factorization '
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Breaking of Kt factorization

B Single c-quark cross-section (large N ) :

O Pair production amplitude
0 Single quark cross-section
0 Breaking of Kt factorization exact/k J_-fact_orized, m=1.5GeV

@ Breaking of Kt factorization 1 3

0 Breaking of Kt factorization

Q% =0.06GeV? e
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O Pair production amplitude

O Single quark cross-section
O Breaking of Kt factorization
O Breaking of Kt factorization

® Breaking of Kt factorization

£9

Breaking of Kt factorization

m General trends for the breaking of &k, -factorization :

*

* & ¢ o

The magnitude of the breaking increases as m decreases

The magnitude of the breaking increases with Q) s

The effect is maximumfor g, ~ Qs

k, -factorized is recovered at large ¢

IfQs < m,q., the k  -factorization breaking terms enhance the
cross-section: having more scatterings pushes a few more pairs
above the kinematical threshold

IfQs > m,q., the effect is a reduction of the cross-section: with
a large Qs it becomes less likely to produce a quark with a small
transverse mass

D These corrections tend to enhance the Cronin peak that one
would obtain by using the &k -factorized formula for quark
production
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Geometric scaling, behavior of the saturation scale
and experimental data

Carlos A. Salgado

CERN Physics Department, Theory Division, CH-1211 Geneva

We solve numerically the Balitsky—Kovchegov equations for the cases of running and
fixed strong coupling constant. In agreement with previous numerical and analytical
results, we find that an asymptotic scaling solution appears for both cases. The small-r
behavior of these solutions is, however, different: an anomalous dimension of v ~ 0.65,
in agreement with analytical estimations is found for fixed coupling; in contrast, v ~
0.85 for the running coupling case. The rapidity and nuclear size dependence of the
saturation scale are also computed and found to be in good agreement with analytical
estimations.

Lepton-proton experimental data are known to present geometric scaling. We gen-
eralize this scaling to the nuclear case and found, in this way, that the A-dependence of
the saturation scale is faster than A'/3. This geometric scaling is then used to describe
the multiplicities measured in nucleus-nucleus and proton-proton collisions at central
rapidities for which a very simple formula is derived. The suppression of particles with
high-p; at the forward rapidity region of RHIC are also described by the same geomet-
ric scaling. The possible relations of these findings with the numerical solutions of the
BK equations are commented.

Based on:

Albacete, Armesto, Kovner, Salgado, Wiedemann PRI.92 (2004) 082001
Albacete, Armesto, Milhano, Salgado, Wiedemann PRD71 (2005) 014003
Armesto, Salgado, Wiedemann PRL94 (2005) 022002
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'Y1E Fixed coupling &,=0.2 71 ﬁ o Runningcoupling ,=0.4
oo
0g - ON°s¥ Y ..l.9§8@§geg
I g = NS(c=1.17) '.'222%23
AN'S(c=0.84) L L *
0.8: a 0.8] ﬁz*
o . ONM
. 8, : ' ON®EW
0.7~ 0.7| *  *
C DUUEUBDDQ Lt * N*S(c=1.17)
L o AS)
;M.,,,MMMM%EE‘ . . AN"S(c=0.84)
06 . A 0.6 N
aAAAs
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ok 0.51 AA
X L_ A A‘ K1 empty
Al E‘A Ke niea LLI
0_4E Lo blvrerlicoaliind l P TR RS T T PP FRTR UTOS
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= Fitsto N = a727 (logr T 6) inthe region10~5 < r < 101
N Fixed coupling value v ~ 0.65 agrees with analytical v ~ 0.63
=8 Running coupling value v ~ 0.85 different from fixed

Classical and Quantum.Aspects of the CGC, BNL, March 2005
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= Scaling when

Geometric scaling in lepton-nucleus data

«Ca (€665)

*C (€665)

ePb (E665)
*Li (NMC)
*C (NMC)

o7 A(r) _ o7 P(r) £
2 - 2 ~ < 10 £
WRA WRp { E
NEQ. r
. ZaN
= We define L O10F
1/6
2
2 =2 AR, :
2 sat,A T ¥sat,p 2 .0
R4 =
o

R4 =1.12AY3 —0.86 A=1/3
= R, & free parameters

0.9 ¢
5 =0.79+ 0.02|R, = 0.70 + 0.08fm 05 |
0.7 £ — et L
= ant ~ A4/9 [Xz/dOf — (095106 TC‘)_—ZJ 10_1. : - ”102
= 1[Q%,, ~ A1/3] = x*/dof =2.35 L,

[Armesto, Salgado; Wiedemann (2005)]
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Multiplicities and geometric scaling

V3 (GeV/A)

200
13C

=2 The multiplicit es

AA -
1 dN ‘ ::No\/_s—x 15: 19.¢
o
Npart  dn | par
O.l;;lulvl|lqlxl;
0 50 100 150 200 250 300 350 400
N 10 F
(lepton-proton data) 3 LHC 5500
= <
RHIC 0
_ 130
p% 62.5
:%’ - /19.6
9 ' oyl --,‘ullﬂ
Data: PHOBOS PRC65, 061901 (2002) hucl- 1 10
ex/0405027 Nooet

[Armesto, Salgado, Wiedemann (2005)]
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Conclusions

= Solution of BK found numerically for running and fixed coupling
S Asymptotic scaling curve

=N Small-r behavior agrees with analytical results — however, different
~ for running and fixed coupling

= DLL found but no clear scaling window could be identified

= Q2. (y; A) agrees with analytical estimates for fixed and running a;g

= The geometric scaling found in Ip data has been extended to the
nuclear case

S Q2,4 grows faster than A'/3,

= Nice description of multiplicities in AA at y = 0 and suppression of
particle production at forward rapidities.
= Numerical coincidence, saturation?? — use evolution egs.

= DGLAP nuclear gluons are constrained for z > 0.02 by DIS data
N Check universality of nPDF with RHIC data
___Classical.and Quantum Aspects.of the CGC, BNL, March 2005
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lan Balitsky

Scattering of shock waves in QCD.

Viewed from the center of mass frame, a typical high-energy hadron-
hadron scattering looks like a collision of two shock waves. Indeed, due
to the Lorentz contraction the two hadrons shrink into thin “pancakes”
which collide producing the final state particles. The mail question is the
field/particles produced by the collision of these two waves. On the the-
oretical side, this is related to the problem of high-energy effective action
and to the the ultimate question of the small-z physics - unitarization of
the BFKL pomeron and the Froissart bound in QCD[?]. On more practical
terms, the immediate result of the scattering of the two shock waves gives
the initial conditions for the formation of a quark-gluon plasma observed in
the heavy-ion collisions at RHIC.

Due to parton saturation at high energies, the collision of QCD shock
waves can be studied using semiclassical methods.

At present, the corresponding Yang-Mills equations has not been solved
analytically. In my talk | formulate the problem of scattering of shock waves,
find the boundary conditions for the double functional integral for the cross
section, develop the expansion in the commutators of two shock waves equiv-
alent to the series in strength of one of the waves, and calculate the second-
order term of this expansion.
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Key observation:
In the frame of the spectator

slow .
fast “WAiIson line" - infinite gauge link

U(z,) = ["‘Oonl +zy1,00n; +21]

[z,y] = Peid 3 dt(m—y)“Au(th‘l‘(l t)y)

Similarly, in the lab frame

fast Vi(xy)
W 9 TERREENEEREEN
slow

V(z1) = [~oconp+x,00ny + x]

= Sefr(A,B) = Serr(l7, V)

etSerr(17,V) _ / DCEiS(C)eiSint(f—f ,C)+iSint(C,V)
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Two factorization formulas (for rapédifies m

and n2) = | |

~ [DAGS@ = [pacist) [dBeis®)
[dCeiS(©)gi [ Pa(Ui(@)Ui()+Vi(2)Vilz))

7/ /7

= the effective action:
/ DA = [paesth) / dBeiS(B)¢iSerr(UV)
etOerr(1,V) — / dCetS(C) i [ dzm(i-f’;:(m)Ui(x)+%(¢)V;:(w))
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In the LLA’ ny,no ~ light-like vectors =

ZSefr(l« Y) — / D AetS(4)

exp z/dszi(:L')[—-oonl, .oo'nl]maz-[oonl, _-—bonl]ém

+ [~oony, congled;[oong, —conoleVi())
- functional integral with two shock-wave-type
sources, U; and V;

Semiclassical calculation of Sq¢: scattering of
two shock waves

o (5 + [ @Pavivica) + wiay)|

. 1Y v ANNNS>

\ E>>m m
— ANNANAD
2

® : N o

shock waves
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Approximate solution: A =A@4 A1) T+
A0 () = Uib(zy) + Vib(z-)
A( )(LU) — g/dz (iB Z)k In (1 . (3.’3 _ Z)_L) zk(z_l_)

(x — z)J_ T4T—

AN () =;‘-’:-F— [dz1n (1 G Z”—) L(z1)

,m+w_

L =[U;,V;l, L; =[U;,Vi] — Lipatov's vertex.
Effective action:

Serr(U,V; An) =
o {uvi+ K, V)gZAT)} +0(an?)

K(U,V) =
U;(In82)V; + | + gluon reggeization
| 1 1
L— L+sz L. + + BFKL kernel
0% 07
O;
LUt )%1”,54-(( & V) + 3 - pomeron vertex
;

32

g
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Conclusions

e Factorization formula = rigorous
definition of Sgee fur a given An

e Semiclassical approach to: Seer <
scattering of two shock waves in QCD

o Wilson-line functional integral for Sesr ef-
fectively summarizes all the LLA informa-
tion about high-energy scattering.

Outlook.

e Heavy-ion collisions in McLerran's model.

e Numerical calculation of the Wilson-line func-
tional integral.

® Seoff In the
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Transition from naive parton model to parton
saturation

Jianwei Qiu

Department of Physics and Astronomy, lowa State University
Ames, lowa 50022, U.S.A.

At leading power of large momentum exchange, perturbative QCD has been very success-
ful in interpreting and predicting high-energy scattering processes. Much of the predictive
power of perturbative QCD is contained in factorization theorems 1], which provide ways
to separate long- from short-distance effects in hadronic amplitude. They express nonper-
turbative long-distance effects in terms of universal matrix elements, which allow them to
be measured experimentally or by numerical calculations. They supply systematic ways
to calculate the short-distance effects perturbatively. Predictions follow when processes
with different short-distance scatterings but the same nonperturbative matrix elements
are compared.

On the other hand, it has been argued that for physical processes where the effective =
isvery small and the typical momentum exchange of the collision Q is not large the number
of soft partons in a nucleus may saturate [2,3] Qualitatively, the unknown boundary of this
novel regime in (z,Q) is where the conventional perturbative QCD factorization approach
should fail [4].

To quantitatively identify the boundary, we try to approach it from the perturbative
side by improving perturbative QCD calculations with resummed dynamical power cor-
rections. We calculate and resum, in terms of perturbative QCD factorization approach,
nuclear size enhanced power corrections to the structure functions measured in lepton-
nucleus deeply inelastic scattering [5], to the centrality and rapidity dependence of single
and double inclusive hadron production in proton-nucleus collisions, and to the evolution
of nuclear parton distribution functions. We show that power corrections to all these
quantities are expressed in terms of one universal matrix element (F*t*F_*). Our results
for the Bjorken z-, @- and A-dependence of nuclear shadowing in structure functions are
consistent with all existing data [5]. We are in a position to predict the leading nuclear
modification to nuclear parton distribution functions.
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7?Transmon from nalve parton mode

Jianwei Qiu
lfowa State University

based work donewith X. Guo, M. Luo, Z. Kang, G. Stermen, L, Vitev, X. Zhang, et al.

Mearch 10, 2005 1 Jianwei Qiu, ISU

U Naive parton model
0 QCD improved parton model

0 Smallx and coherent multiparton interactions

Q Resummed power corrections to cross sections

W Resummed power corrections to DGLAP equation

U Summary and outlook

March 10, 2005 2 Jianwei Qiv, ISU

[ Phase diagram of parton densities |

QO Experiments measure
cross sections, not PDFs

{ PDFs are extracted
based on
> factorization
» truncation of perturbative
expansion

y=In(1/x)
2 ()

CGC /CGF

Q Howto probethe
boundary between
different regions?

Look for where pQCD
factorization approach
fails

s pQCD
factorization

5

In(Q?/ A%)

In(Q?/ A%),,

March 10, 2005 Jianwei Qiu, ISU
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. Naiive parton model

Hard probe = Impulse approximation —Parton model

| UseDIS as an examplel

E
\ %P

o D

frozen
0 (Q)~ [d /(%) 6(x,0)

| Convolution of two probability functions |
Mearch 10, 2005 5

Jianwei Qiu, ISU

.. QCD derivation of the parton model |

Feynmandiagrams - Pinch singularities — Factorization

| Use DIS as an example|

S (L)

k2+ie k2—ie

mesp g long lived parton state

(0 )~ | j—::d’k, (@7 K =0) | dsz(k)+[—<—Q@)

Convolution of two probability functions
Quantum interferencebetweentwo are power suppressed

March 10, 2005 6 Jianwei Qin, ISU
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Collinearapproximation = UniversalPDF’s = Evolution

(k" k" k) = (k",é—kk-’;,kr) = (k*,0,0)

N, Y % LA g
y f o * %]@ y
[ )

a

F3

() ()

we (@) fax i (@2 k=xP) [d' 5[::—"—: T(k)+[——QT, QZ]

P P

I Corrections to PDF's

Pinched poles in high order diagrams -evolution

q 9
LA A q Q e
L7 3 = 3 k
5 Y ; m— '< .
xp )
ra I3 ” ¥
7 Jianwei Qiu, ISU
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o rolutior ,
 perturbative pinch singularities in [ d*%; of ladder diagrams:

9. q 9 q 3 9
vl A W A7R ¥ k\ Are
k k £ {3
+* ‘7 k] + k’? I +*...
P » pd T

e resummation of leading logarithmic cantributions:

Hﬂ%[ _‘ *é é" . ‘éf:%* +]

am Bagf
o p?-depentence of parton distributions < DGLAP equation
12 52 upn(a, 12) = 325 Pyil 5, 06) @ by 4?)
=> PQCD predicts ¢ ¢ 5., ¢, i knows PDF's at g

March 10, 2005 8
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ze of the hard probes

0 Size of a hard probe is very localized and much smallerthan
atypical hadronat rest

/O <« 2R ~fm
[ But, it might be largerthan a Lorentz contracted hadron:
1/Q@ > 2R(m/ p)

Q lowx: uncertainty in locating the parton is much larger than
the size of the boosted hadron (a nucleon)

1 1

Q =

m 1
> 2R— = < x,=——=0.1
P S %S omR

If the active x is small enough
a hard probe could cover several nucleons
in a Lorentz contracted large nucleus!

9 Jianwei Qiu. ISU

March 10, 2005

At smallx, the hard probe covers several nucleons, coherent
multiple scattering could be equally important at relatively low Q

- g g g
To take care of the coherence, we needto sum over all cuts
for agivenforw ==~ ~nmsnginn ~mplive s

2

Cuts

Summingover all cuts is also necessary for IR cancellation

March10, 2005 10 Jianwei Qiu, 1SU

Collinear approximation s important

With collinear approximation:
N 2
- [z Jrfrt] ey
Cuts

In general, matrix elements with different cuts are not equal:

AN Z

J

March 10,2005 11 Jianwei Qiu, ISU

| Leading contribution in medium length

Partonmomentumconvolution:

z Fef) e_pi
o ﬂ;[dy,? P (PAII'__[FH(J’:)IPA)

] All coordinate space integrals are localizedifx is Iargel

Leading pole approximationfor dx; integrals :

O dx, integrals are fixed by the poles (no pinched poles)

0 x,=0 removes the exponentials
Q dy integrals can be extended to the size of nuclear matter

Leadingpole leadsto highest powers in medium length,
a much small number of diagramsto worry about

March 10, 2005 12 Tianwei Qin, ISU
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0 Characteristicscale for the power corrections: <F B O )

a
@ For a hard probe: ﬁ<< 1

d To extractthe universal matrix element,
we need new observables more sensitive to (F *”‘F; >

March 10, 2005 13 Jianwei Qiu, ISU

f multiple scatterin

Q LO contribution to DIS cross section: }—-‘r—-q’\’ - §(x = 2p)

0 NLO contribution:

F1 252 ’ 1 , 1
o R R )
B

 dysdv; D d
Gy PR G0 T [*:,;5(* - Ie)]
O Nth order contribution:

% - %
- - Jr ~ -
" ZEFTEK
N N , N . m N-m
[g, (5}\'}') [27’1‘"(0)]} o Jim, ng)o(z,,.—xa) [E (j[..i_l l_ Im)} [}:Il (-‘tmul—' Imj
"
o [(-0* et o)
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ontributions to DIS st

& Transverse structure function:

uctuire functions

Qiu and Vitev. PRL (in press)

N
1 7€ oL
Fri{zn. Q) = Zo o [é; (A - 1)] @} ;,;51«*,‘?’&3.0’)

0} ; — -
~ P an(1 +4).Q%) _Similar expression of F_

62
As o (4 ~1)

= prer

r
Single parameterfor the power

correction, and is proportional
| to the same characteristicscale

0 | oreshosesarenn

sdsadel toadatsl,
L oot wT
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5

i

Q Drell-YanQq-broadening data:

=== (FF)  -3-4 £ ~0.05-0.06 GeV?
O Upper limit from the shadowing data:
& ~0.09-0.12GeV? (‘F"”F;)M <6
Q "Saturation*'scale of cold nuclear matter:
Q7 = £24" <03 GeV? seen by quarks

10.6 GeV? seenby gluons
0O Physical meaning of these numbers:

(Prz)=— [ (VP @ (7)M)6(57) ~ Liip 662
(xG(x—)O,Q_f)) < 8 in cold nuclear matter(?)

March 10.2005 17 Jianwei Qiu, ISU

Manative sliian distiihidinn 54 Laei O
ZEUS

Q NLO global fitting ol

basedon leading twist i

DGLAP evolution

leads to negative

gluon distribution

Ot Gav? | ramavt

T RECENLOQCD th &

0 MRSTPDF's
havethe same
features

o

Does it mean that we
have no gluon for
x <103 at1 GeV?

March 10, 2005 18 Jianwei Qiu, ISU
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- Leading twist shadowing

Q Power corrections complement: to the leadingtwist shadowing:

“ Leadingtwist shadowing changes the x~ and Q-dependence
of the parton distributions

< Power corrections to the DIS structure functions (or cross
sections) are effectively equivalentto a shift inx

< Power corrections vanish quickly as hard scale Q increases
while the leading twist shadowing goes away much slower

Q Ifleading twist shadowingis rour
so strong that x-dependence of
parton distributions saturates

forx< x

additional power corrections,

the shift inx, should have
no effectto the cross section! X X

March 10, 2005 18 Jianwei Qiu, ISU

| Intuitionfor the power corrections |

U DISwith aspace like hard scale'

2

Resum all powers
Q DY with atime-like hard scale:

L
3. L,
- L)
7 ye
LO Resumall powers
March 10, 2005 20 Jianwei Qiv, ISU

[P | S0 S P R SR

Hard probe sees only one effective parton:

i =

Pinchedpoles in the ladder diagrams = corrections to evolution

" L}
‘\ /: ol 4 : i 1
— ®
e !
¥ ’

A . U 9y ) LA [N
% "-:‘# v;@ ®

March 10, 20058 21 Jianwei Qin, ISU

Modified ladder diagrams

N
3

March 19, 2005 22 Jianwei Qiu. ISU

" Modificationsta DGLAP equation

| Z Kana and J. Qiu inpreparation |

DGLAP equation: _
12 5o in(@ 1) = 3, PyiE, as) ® dyn(e’, 4?)

What were done:

O resum all powers of leading pole coherent power corrections
to all particles entering final-state

W derive a set of generalized ladder diagrams

Q derive a modified DGLAP equationwith the power corrections

Modifications:

U shift the parton momentum fraction in PDFs in the integral part

Q shift the 1/x pole by 1/(x+Ax)

U naturally generatesthe shadowing at low Q2 if we evolvefrom
highQz.

March 10, 2005 23 Jianwei Qiu, ISU

I:I Rat|o Of phyS|caI obsewables RA

B4 o
COR2T (Ngye™ T
R, .
T DGLAP evolution
| Net effect of | . / \
shadowed /, - 'S, -
nPDFs ]

DELAP  precsss
independent
power corrections

Q

nPDFs + process
dependent
power corrections

March 10,2005 24 Jianwei Qiu, 1IU
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U But, power corrections to hard parts are process-dependent,
and they are different from DIS

March 10,2005 25 Jlanwei Qiu, ISU

fails for power corrections of

1 H: é
the order of 'Q‘ and beyond
Q e: size enhanced dynamical power corrections

in p+A could he factorized e

==p to make di |
 for p*+A collisions

s

Q Single hadron inclusive iction:

Once refi; the 1 g parton ¥ om eb
and outgoing fragmentation parton, we uniquely fix the
momentum exchange, g¥, and the probe size

@ h-~ along the dir of gt - pH

March 10.7005 26 lvan Vitev, ISU

A e e e
By =508V, vt

*% Similar power correction ([ Mo

el . £ d £t
modificationto single and double ! f > e b ,—ﬁ/
inclusive hadron production 5 o h -g‘“j‘ / ]
> increases with rapidity g—"-ﬁ_‘ — tna nﬁ“‘ [
— et 2 T Y%
> increases with centrality Fosp - ::-2 9 £ o — ::.; T
. X 3 e 23] ! —
» disappears at high prin accord with 02 — ;(-t 1503‘ B0 :’.: b
the QCD factorization theorems N R TS Yoidoat o]
» single and double inclusive (X2 F
shift in =2/t T [ oeoemas =
B o5l = a5l ,/a"‘—:
Pr g = Col
=2 L+ cosh(y, — y,)). g ¢ T .
s=25% (L+cosh(y, —,)). o ' ol o 1
o & ! E n§ By 2 15GeV
’=‘+(1+CXP(—.V|+}’;))V bl -_ odp PR O
z N by 56 ¥ Y b eShin
- N (l.'- v gadin ] o REREPrriih.
u = — L (l+exp(y, - ¥,)) brdos & ] ks dn g
hd N [ M [T S
Small at mid-rapidity CM. energy 200 GeV Qlu - 4 Vitey, hep-phi0405068
Even smaller at mid-rapidityCM. energy 62 GeV ’

Jur-app

@ Advantage:
« factorization approach enables us to quantify the high order
corrections
“ express non-perturbativequantities in terms of matrix
elements of well-defined operators = universality
“ better predictive power
U Disadvantage:

“ Relyon the factorization theorem = not easy to prove
< Hard probe might limit the region of coherence —smalltarget

Q Helper:
% Hard probe at small x could cover a large nucleartarget

March 10,2005 28 Jianwei Qin, 18U

| Summary and outlook |

Q Introduce a systematic factorization approachto coherent QCD
multiparton interactions

QO Leadingmedium size enhanced nuclear effects due to power
corrections can be systematically calculated, and

O Identify a characteristic scale for the QCD rescattering: §]F+"F*>

@
which correspondsto a massscale 06 GeV? (seen by gluohs)
incold nuclear matter

[ Derive coherent power corrections to DGLAP evolution equation
Q Should be relevantfor physics approachingto saturation

Q Many applications:
jet broadeningand suppression ofjet correlation in p=A
Piu and Vitev, PL.B587 (2004)
hep-ph/0405068

March 10,2005 29 Jianwei Qiu.ISU
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Colour strings vs. Hard Pomeron

Elena G. Ferreiro

Departamento de Fisica de Particulas
Universidade de Santiago de Compostela, Spain

Contents:

€8

1. Introduction
2. Fusing colour strings
3. Perturbative QCD Pomeron

I+ CGC and strings

5. Conclusions




FUSING COLOUR STRINGS

e Phenomenological model for the soft region

o In a collision a certain number of colour strings are streched between the
colliding partons

e Color string = strong colour field is succesively broken by creation of gg
pairs

o Color strings = small areas in the transverse space filled with color
field created by the colliding partons = Phenomenon of string fusion and
percolation

n= Nst%

51 = 71")”%

ro =02+ 0.3 fm
Ne = 1.1+ 1.5,

e Hypothesis: clusters of overlapping strings are the sources of particle
production

Bvie Tuu P 4.|~_4..q_ e e w . e e e e e .._‘.«.._'_,',“;._r».n.~ ,M-M_‘.....«»prq..u. S O S A R L T R R o




e For a cluster of n overlapping strings covering an area S,,:
Color charge of the cluster=Vectorial sum of the strings charges

Gn=>"Gu, (Gri-Grj) =0, G =nG, (1)
=1
Sn | Sn S
Qn =/ 52Qu hn=[Fom (e = ([T )

For strings without interaction: S, =nS1, Qn = nQ1 — pn = np1, (PF)n = (P2)1
For strings with max overlapping: S, = 51, Qn = /nQ1 — u, = /nu1, (P%)n —

VI(DPF)1

e Moreover, one can obtain the analytic expression:

< n_S_l_ >—= n — 1 (3)
Sn 1 —exp(—n) F(n)?
SO
1
= Ns rings F , 2 = — 2 {4
1 trings ()11 <pp > Fap) < P11 (4)

R N._lm_ SN |
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PERTURBATIVE QCD POMERON

Inclug Ve cross section in pQCD, taking A = B and constant nuc lear density
for I‘I?l'l < Ryu:

8N .0
La((pyk) = A**rR2 e

/ Pre*TADL(Y g, r)][ABa(y,r)], (5]

where ®(y,r) is the sum of all fan diagrams connecting the pomeron at
rapidity y and of the transverse dimension r with the colliding nuclei, one
at rest and the other at rapidity Y.

In the momentym space, function ¢ 4(y, r) = ®(y,r)/(2nr?) satisfies

0¢(y,q4) _

b= D)~ P, 0

where § = &y, & = asN./7, s and N, ar etlle strong coupling constant
and the number of colours, respectively, and H is the BEKL Hamiltonian

This equation has to be solved with the initial condition at y = 0 determined
by the colour dipole distribution in the nucleon smeared by the profile
function of the nucleus.




We take the initial condition in accordance with the Golec-Biernat

distribution:;
1 q> )
0,q) =—=aFEi{ — , 7
$(0,9) = —3a ( 0.3567 GeV?2 (7)
with
o 20.8 mb
B a= AY/3 " 8

Evolving ¢(y, ¢) up to values ¥ = 3 we found the inclusive cross-section at
center rapidity for energies corresponding to the overall rapidity Y = }7/&.
With = 6 and a, = 0.2 this gives Y ~ 31. The overall cutoffs for
integration momenta in Eq.(26) were taken according to 0.3.107% GeV/c

< ¢ <0.3.10716 GeV/c.




At relat v ly small momgnta the inclusive cr s-spctions are propodyonal to
A, that"| to the numbe of participants

At larger momenta they grow with A faster, however notice=bly slowlipr
than the number of collisions, approximately as A!-!

88

The interval of momenta for which 4 oc A is growing with energy, so
that one may conjecture that at infinite energies all the spectrum will be
proportional to A
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New developments in the dipole model

Michael Lublinsky

University of Connecticut

E. Levin and M. L, hep-ph/0501173;
Phys. Lett. B607 (2005) 131;
Nucl. Phys. A730 (2004) 191;

A. Kovner and M. L., hep-ph/0502071.
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ON(Y) _ 8 Z|s]

v = 0 = x[s] ZIs

| OW* (Yo, [s]) /8 Yo = xls] W' (Yo, [s]) |

Jalilian-Marian - lancu - Mclerran - Weigert - Leonidov - Kovner

S )
x[s] = —2[s—ss]— — =2 — [s- ss]
ss ds
XJIMWLK — X[S] "I‘ Nchxcc
52
X = dsds

A Kovner and M.L., hep-ph/0502071

R. Janik, hep-ph /0409256

M. Lublinsky
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| Functional evolution with Pomeron loops

E Levin and M.L., hep-ph/0501173

0 Z[u]

X' 7% =~ Vicau] T Visa[y]

7l = = Vaofu]l T Vasi[u]

)

| 5
Vialu] = / APST(1 = 2) u——

V- = dPST(2 — 1) u— 6 6

2-1lul = / 5u5u
dPS T'(2 1 0 °

Vaalu J (2 — )uuéu su’

M. Lublinsky
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o~ o
K v — Ynt1] + R Yn-1

a; 0Y
0 pF o .
a. 8%” = K [pn + Phoi] — B0
d p; u u
3.0y K |p, + pn_q1| — K Ppy

M. Lublinsky



I 2 -1 )l

71 (a:,y) — /O-BA(may; Eag) pi(iag) d2id2g

Yo (T1, Y15 T2, Y2) = / opa(x1, Y1; T1, Y1) oa(T2, Y2; T2, §2)

X pg(jla gla 5527 gQ) d29—§1 d2:_y-1 d2£2 d2 g2

]__‘2_?1(1—{—2—)%,@/) —

2N?

2
Qg

’ / L1 (XY = 1'+2) 054 (1;1) opa(22)
1/ 2/

Ay Ay [/, can be worked out, down to the computer ready expression

M. Lublinsky
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e High energy evolution in QCD can be successfully described by a classical
branching process with conserved probabilities.

e The linear functional evolution for generating functional is an efficient
tool capable to accommodate most of the nonlinear dynamics.

e The dipole merging process can be successfully introduced leading to an
effective theory which governs Pomeron dynamics in QCD at high energy,
in the leading logarithmic approximation, and in the limit where N, the
number of colors, is large.

M. Lublinsky
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Can Hydrodynamic Description of Heavy lon Collisions

be Derived from Feynman Diagrams?

Yuri V. Kovchegov

Department of Physics, The Ohio State University
Columbus, OH 43210

This talk is based on the paper [1].

We consider the problem of thermalization in heavy ion collisions. Thermalization in heavy ion collisions
in the weak coupling framework can be viewed as a transition from the initial state Color Glass Conden-
sate dynamics, characterized by the energy density scaling like £ ~ 1/7 with = the proper time, to the
hydrodynamics-driven expansion of the quark-gluon plasma with e ~ 1/7%/3 or higher power of 1/7 for the
boost non-invariant case. (Of course at realistic temperatures achieved in heavy ion collisions the power
of 4/3 may become somewhat smaller: however, it is always greater than 1 for hydrodynamic expansion.)
In this talk we argue that, at any order of the perturbative expansion in the QCD coupling constant, the
gluon field generated in an ultrarelativistic heavy ion collision leads to energy density scaling as € ~ 1/7 for
late times 7 >> 1/Q,. Therefore it is likely that thermalization and hydrodynamic description of the gluon
system produced in heavy ion collisions can not result from perturbative QCD diagrams at these late times.

It may be possible that corrections to the saturation/Color Glass initial conditions would contribute
towards modifying the e ~ 1/7 scaling to some higher power. Thus one should be interested in Feynman
diagrams which would bring in 7-dependent corrections to £ ~ 1/7 scaling of the (classical) gluon fields in
the initial stages of the collisions (see slide 1). Unfortunately, after examining a number of diagrams, we
noticed that while many of them introduce 7-dependent corrections to the initial conditions, such corrections
are subleading and small at large = and do not modify e ~ 1/7 scaling at late times. After reaching this
conclusion we have constructed a general argument proving that e ~ 1/7 scaling always dominates at late
times, which we are presenting here.

We begin by considering the most general case of boost-invariant gluon production (see slide 2). We argue
that £ ~ 1/7 scaling persists to all orders in the coupling constant a, (slide 3). The argument is based on a
simple observationthat 7-dependent correctionsto the classical gluon field may only come in through powers
of gluon virtuality &2 in momentum space with each power of k% giving rise to a power of 1/7 (slide 4). In
order for the on-mass shell amplitude (at 52 = 0) to be non-singular only positive powers of k% axe allowed:
hence, the correctionscome in only as inverse extra powers of ~ and are negligible at late times. We proceed
by generalizing our results to rapidity-dependent distributions. The £ ~ 1/7 scaling does not get modified
by rapidity-dependent correctionseither. Rapidity-dependent corrections come in as, for example, powers of
k4, which is one of light cone components of the gluon’s momentum. However, powers of & do not modify
the 7-dependence of energy density. We also show that e ~ 1/7 scaling persists even when massless quarks
are included in the problem. Therefore it appears that perturbative thermalization can not happen in heavy
ion collisions. We try to give a physical explanation in slide 5. We conclude by arguing that if perturbative
thermalization is impossible, than the non-perturbative QCD effects must be responsible for the formation
of quark-gluon plasma (QGP) at RHIC. Such non-perturbative effects could be due to the infrared modes
with momenta of the order of Agep. They can also be due to the non-equilibrium analogue of the ultra-soft
modes of finite temperature QCD: those modes have momenta of the order of g2 T with T the temperature of
the guark-gluon plasma. The dynamics of these modes is known to be non-perturbative and may contribute
to thermalization.

[1] Yu. V. Kovchegov, hep-ph/0503038.
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Can one find diagrams giving gluon fields which would lead to
energy density scaling as

86

Classical fields give energy density scaling as

classical 1

E ~ —
T

Can quantum corrections to classical fields modify the power

of tau (in the leading late-times asymptotics)? Is there
analogues of leading log resummations (e.g. In t ), anomalous

dimensions?




Lot us stor- wilh Ih9> most general form of the glpon fipld

4k ~ikx —1i a
7€ oSk
(2m) k* +ick,

66

plug il mlo IOe oxpression for hsv 2nprgy mormintum Iensor

1

Tuv — <_ FaupFa,up +ZgMV(FpaG)2>

keeping only the Abelion part of m 2nergy-momentum
tensor for now.




001

leading to

e >>1/00) =~ = [dk— d]j K, L

We have established that e has a non-zero term scaling as 1/t.

But how do we know that it does not get cancelled by the rest
of the expression, which we neglected by putting k?=k’2=0 in
the argument off, ?
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For a wide class of amplitudes we can write
fl(kza'k'z akT) - fi(kz = Oak'z = OakT) = (ka!Z )Ag(kzak'z nkT)

with g(k*> =0,k"=0,k,)=0

Then, using the following integral:

- 2?2k
~ik, x_—ik_x, k2 +ick Al = — a
Lg@ dk-e ( 0) I‘(l—A)(

we see that each positive power of k2 leads to a power of 1/t
such that the neglected terms above scale as

1 A0 They are subleading at large t and
TINE > do not cancel the leading 1/t term.

A
) e™J_, (k,T)
T
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0 T 0 T
A general gluon production
diagram. The gluon is produced

and multiply rescatters at all
proper times.

The dominant contribution
appears to come from all
Interactions happening early.

— Not free streaming in general, but free streaming dominates
at late times.
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Observational constraints on Qs from cosmic ray

alrshower data ( nep-ph0408073, 0s01165)
A. Dumitru (ITP, FrankfurtU.)

* Cosmic Ray Airshowers are h+A collisions

+ Primary Energy up to ~1011 GeV (Vs=350TeV)

% Xmax mainly sensitive to forw. region and “small” tr. mom.
* BUT: small target nuclei (14N), min. bias

Summary:

» Cosmic ray airshowers are sensitive to QCD evolution
scenario.

» Indications for a less rapid growth of
Qs(x) as compared to RHIC or HERA.

*» High-density effects increase inelasticity (forward
suppression) --> hadron-induced showers resemble
those of “nuclei” in present models (Xmax lower,
more u, ...)

» Lighter Composition predicted




running coupl BFKL : (| (Q2)=b0/log (QZ//\Z)

0=A’exp (log(Q;/ A)V1+2¢&s y)

yP 10.7 17.3 26.1
Qsr.c. 1.1GeV 2.4 GeV 59 GeV
Qs f.c. 1.4 GeV 4.5 GeV 19.2 GeV

A=0.28; central “p+N”; (Qu/A)*2~Nval/3




Quark-Nucleus Scattering |
Quark Scattering Amplitude : <q p>"‘ 7 (q) (q p) u(p)

M (g, p)=2m6(p=q)y [ d'x |V (x,)~ 1]

Vix,)=Pexp(—ig fdx—i-p (x,x,)t")

0,
Color averaging with a Gaussian (MV) leads to (q; > 0): |
= o dz 7 ' d 1 |
Cla)=f Ereevn o201 TP L aogr
(2m) | (27)* p )
q —ﬁ-
coe AD +J. Jal.-Marian': PRL 89 (2002

~ 7T

——




[An!

Shattering the proton

Probability for quark to be scattered to qi~0 (with color exchange!) :

d’bd*q, Qllog(Q,/A

--> suppression of “beam-jet remnants”
(soft physics) in the BBL

m—

P A X

A inel 2
d - A

fdzqt o TT

0

]

All partons resolved at scale Qs. coherence of proton
destroyed completely.

Gerland, Strikman, AD: PRL 90 (2003)




Cosmic Ray Airshowers

hep-ph/0408073

850 ) L lllt.tlll i .3 lllllll
Sibyll (p,Fe) |
BBL r.c. (p) —%—
800 I BBL f.c. (p) —8&— -
Hires Stereo —a—
n o 750
s 5
. .§* 2 700
w >
S £
= X 650
S
% i
= 600
W
S Seneca 1.2
550 e ——— ———
10° 10° 10'° 10"

o=ergy [GeV]

=> Sensitive to evolution of Qs !!

* 1/x93 yields too large Qs at GZK energies
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Saturation, Unitarity and Fluctuations in High Energy Collisions
A. H. Mueller

Abstract of Talk:

This talk covers the essential equations governing high-density QCD and its application
to small-x processes as well as the early stages of high-energy heavy ion reactions.

The simplest equation which imposes unitarity is the Kovchegov, a sort of mean field
equation for high-energy scattering. However, fluctuations allow unitarity-violating
processes to occur which are not suppressed by the Kovchegov equation. Such
difficulties are avoided by carefully considering the evolution in the low-density region.

Such a careful consideration leads one to realize that there is a close connection between
rapidity evolution in small-x QCD and time-evolution in reaction-diffusion equations in
statistical mechanics. A simple statistical model, the Brunet-Derrida model, is briefly
described and the correspondence to the essential elements in QCD evolution near the
unitarity limit are noted.

Finally, it is emphasized that a simple description of QCD evolution near the unitarity

limit is only possible if evolution is carried out in an event by event way rather than by
dealing with average quantities.
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Kazunori Itakura, Fluctuation-saturationdualizy andpomeron effective theoy
OOHEE BREAK

Boris Kopeliovich, Effects mocking CGC

LUNCH

Discussion: Leader, Yuri Kovcliegov

WORKSHOP DINNER

March 8, Tuesday

9:00-9:40
9:40-10:20
10:20-10:50
10:50-11:30
11:30-12:10
12:10-13:30
14:00-16:00

Alfred Mueller, Saturation, unitarity and fluctuations in high energy collisions
Heribert Weigert, OF colored glass and jets in a medium

COFFEEBREAK

Yoshitaka Hatta, Perturbative odderon in the color glass condensate

Stephen Wong, The extended evolution equation of the CGC in a dilute medium
LUNCH

Discussion: Leader, Larry McLerran

March 9, Wednesday

9:00-9:40
9:40-10:20
10:20-10:50
10:50-11:30
11:30-12:10
12:10-13:30
14:00-16:00

" Jochen Bartels, Reggeonfield theoy in QCD

Alex Kovner ,B-JIMWLK?: beyond and beside

COFFEEBREAK

Francois Gelis, Quarkproduction inp4 collisions: rescatteringeffects and kt-factorization breaking
Carlos Salgado, Thegeometric scaling, the behavior of the saturation scale & the experimental data
LUNCH

Discussion: Leader, Adrian Dumitru
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March 10, Thursday

9:00-9:40
9:40-10:20
10:20-10:50
10:50-11:30
11:30-12:10
12:10-13:30
14:00-16:00

lan Balitsky, Scattering df shock waves in QCD

Jianwei Qiu, Transition from naiveparton model toparton saturation
COFFEEBREAK

Elena Gonzalez Ferreiro, Colour strings versus hardpomeron
Michael Lublinsky, New developmentsin the dipole model

LUNCH

Discussion: Leader, Alfred Mueller

March 11, Friday

9:00-9:40

9:40-10:20

10:20-10:50
10:50-12:10
12:10-13:30
14:00-15:00
15:00-15:45

i Kovchegov, Can hydrodynamic description of heavy lon collisions be derivedfvom Feynman
diagrams?

Ismail Zahed, Strongly coupled QGP :reality from duality

COFFEE BREAK

Adrian Dumitru, Observational constraints on Osfrom cosmic ray airshower data

LUNCH

Discussion: Leader, Jochen Bartels

Workshop Summary
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Additional RIKEN BNL Research Center Proceedings:

Volume 71 — Classical and Quantum Aspects of the Color Glass Condensate — BNL-

Volume 70 — Strongly Coupled Plasmas: Electromagnetic, Nuclear & Atomic — BNL-

Volume 69 — Review Committee — BNL-

Volume 68 — Workshop on the Physics Programme of the RBRC and UKQCD QCDOC Machines — BNL-

Volume 67 — High Performance Computing with BlueGene/L and QCDOC Architectures —BNL-

Volume 66 — RHIC Spin Collaboration Meeting XXIX, October 8-9,2004, Torino Italy —BNL-73534-2004

Volume 65 — RHIC Spin Collaboration Meetings XXVII (July 22, 2004), XXVIII (September 2, 2004), XXX
(December 6,2004) - BNL-73506-2004

Volume 64 — Theory Summer Program on RHIC Physics — BNL-73263-2004

Volume 63 — RHIC Spin Collaboration Meetings XXIV (May 21, 2004), XXV (May 27, 2004), XXVI (June
1,2004) - BNL-72397-2004

Volume 62 — New Discoveries at RHIC, May 14-15,2004-BNL- 72391-2004

Volume 61 — RIKEN-TODAI Mini Workshop on “Topics in Hadron Physics at RHIC”,
March 23-24,2004 — BNL-72336-2004

Volume 60 — Lattice QCD at Finite Temperature and Density — BNL—72083-2004

Volume 59 — RHIC Spin Collaboration Meeting XXI (January 22, 2004), XXII (February27, 2004), XXII
(March 19, 2004)— BNL-72382-2004

Volume 58 — RHIC Spin Collaboration Meeting XX — BNL-71900-2004

Volume 57 — High pt Physics at RHIC, December 2-6,2003 — BNL-72069-2004

Volume 56 — RBRC ScientificReview Committee Meeting — BNL-71899-2003

Volume 55 — Collective Flow and QGP Properties — BNL-71898-2003

Volume 54 — RHIC Spin Collaboration Meetings XVII, X VIII, XIX — BNL-71751-2003

Volume 53 — Theory Studies for Polarized pp Scattering — BNL-71747-2003

Volume 52 — RIKEN School on QCD “Topics on the Proton™ — BNL-71694-2003

Volume 51 — RHIC Spin Collaboration Meetings XV, XVI — BNL-71539-2003

Volume 50 — High Performance Computing with QCDOC and BlueGene — BNL-71147-2003

Volume 49 — RBRC ScientificReview Committee Meeting — BNL-52679

Volume 48 — RHIC Spin Collaboration Meeting XIV — BNL-71300-2003

Volume 47 — RHIC Spin Collaboration Meetings XI1I, XIIT — BNL-71118-2003

Volume 46 — Large-Scale Computations in Nuclear Physics using the QCDOC - BNL-52678

Volume 45 — Summer Program: Currentand Future Directions at RHIC — BNL-71035

Volume 44 — RHIC Spin Collaboration Meetings VIIL, IX, X, XI - BNL-711 17-2003

Volume 43 — RIKEN Winter School — Quark-Gluon Structure of the Nucleon and QCD — BNL-52672

Volume 42 - Baryon Dynamics at RHIC — BNL-52669

Volume 41 - Hadron Structure from Lattice QCD - BNL-52674

Volume 40 — Theory Studies for RHIC-Spin — BNL-52662

Volume 39 — RHIC Spin Collaboration Meeting VII - BNL-52659

Volume 38 — RBRC Scientific Review Committee Meeting — BNL-52649

Volume 37 — RHIC Spin Collaboration Meeting VI (Part 2) — BNL-52660
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Additional RIKEN BNL Research Center Proceedings:

Volume 36 — RHIC Spin Collaboration Meeting VI — BNL-52642

Volume 35 — RIKEN Winter School — Quarks, Hadrons and Nuclei — QCD Hard Processes and the Nucleon
Spin —BNL-52643

Volume 34 — High Energy QCD: Beyond the Pomeron — BNL-52641

Volume 33 — SpinPhysics at RHIC in Year-1 and Beyond — BNL-52635

Volume 32 — RHIC Spin PhysicsV — BNL-52628

Volume 31 — RHIC Spin PhysicsIIT & TV Polarized Partons at High Q2 Region — BNL-52617

Volume 30 — RBRC ScientificReview Committee Meeting — BNL-52603

Volume 29 — Future Transversity Measurements — BNL-52612

Volume 28 - Equilibrium& Non-Equilibrium Aspects of Hot, Dense QCD — BNL-52613

Volume 27 — Predictions and Uncertaintiesfor RHIC Spin Physics & Event Generator for RHIC Spin Physics
IIT — Towards Precision Spin Physics at RHIC — BNL-52596

Volume 26 — Circum-Pan-Pacific RIKEN Symposium on High Energy Spin Physics - BNL-52588

Volume 25 — RHIC Spin —-BNL-52581

Volume 24 — Physics Society of Japan Biannual Meeting Symposiumon QCD Physics at RIKEN
BNL Research Center — BNL-52578

Volume 23 — Coulomb and Pion-Asymmetry Polarimetry and Hadronic Spin Dependence at RHIC Energies
—BNL-52589

Volume 22 — OSCARI: Predictions for RHIC — BNL-52591

Volume 21 - RBRC ScientificReview Committee Meeting — BNL-52568

Volume 20 — Gauge-Invariant VVariables in Gauge Theories — BNL-52590

Volume 19 — Numerical Algorithms at Non-Zero Chemical Potential - BNL-52573

Volume 18 — Event Generator for RHIC Spin Physics —- BNL-52571

Volume 17 - Hard Parton Physics in High-Energy Nuclear Collisions - BNL-52574

Volume 16 — RIKEN Winter School - Structure of Hadrons - Introduction to QCD Hard Processes —
BNL-52569

Volume 15 — QCD Phase Transitions — BNL-52561

Volume 14 — Quantum Fields In and Out of Equilibrium — BNL-52560

Volume 13 — Physics of the 1 Teraflop RIKEN-BNL-Columbia QCD Project First Anniversary Celebration —
BNL-66299

Volume 12 — Quarkonium Production in RelativisticNuclear Collisions — BNL-52559

Volume 11 — Event Generator for RHIC Spin Physics —- BNL-66116

Volume 10 — Physics of Polarimetry at RHIC — BNL-65926

Volume 9 — High Density Matter in AGS, SPS and RHIC Collisions — BNL-65762

Volume 8 — Fermion Frontiersin Vector Lattice Gauge Theories — BNL-65634

Volume 7 - RHIC SpinPhysics - BNL-65615

Volume 6 — Quarksand Gluonsin the Nucleon — BNL-65234

Volume 5 - Color Superconductivity, Instantons and Parity won?)-Conservation at High Baryon Density —
BNL-65105
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Additional RIKEN BNL Research Center Proceedings:

Volume 4 — Inauguration Ceremony, September 22 and Non -EquilibriumMany Body Dynamics -BNL-
64912

Volume 3 — Hadron Spin-Flip at RHIC Energies — BNL-64724

Volume 2 — Perturbative QCD as a Probe of Hadron Structure - BNL-64723

Volume 1 - Open Standards for Cascade Models for RHIC — BNL-64722
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For information please contact:

Ms. Pamela Esposito

RIKEN BNL Research Center
Building 510A

Brookhaven National Laboratory
Upton, NY 11973-5000 USA

Phone: (631)344-3097
Fax: (631) 344-4067
E-Mail: pesposit@bnl.gov

Homepage: http://www.bnl.aov/riken

Mrs. Tammy Stein

RIKEN BNL Research Center
Building 510A

Brookhaven National Laboratory
Upton, NY 11973-5000 USA

(631)344-5864
(631) 344-2562
tstein@,bnl.gov
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